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This survey of Wolbachia infections in populations of the planthoppers Perkinsiella saccharicida and Perkin-
siella vitiensis revealed variable frequencies, low-titer infections, and high phylogenetic diversities of strains.
These observations add to the growing realization that Wolbachia infections may be extremely common within
invertebrates and yet occur infrequently within populations and at low titer within individuals.
Wolbachia pipientis is a maternally inherited endosymbiotic
bacterium that infects a wide range of arthropods and nema-
todes. Wolbachia is renowned for inducing dramatic reproduc-
tive phenotypes, such as cytoplasmic incompatibility (44) and
parthenogenesis (35), that manipulate host reproduction to
enhance Wolbachia transmission. However, recent papers have
uncovered an alternative and more cryptic mode of life for
these bacteria: infections that occur at low densities within
hosts and at a low frequency within and among populations (1,
2, 15).
In the course of examining the delphacid planthoppers Per-
kinsiella saccharicida and Perkinsiella vitiensis for symbionts
that might be utilized in future paratransgenic approaches
targeting Fiji disease virus (FDV) transmission, we encoun-
tered a number of novel Wolbachia strains associated with
these species. Several DNA extraction techniques were used to
determine if a particular extraction method was optimal for
Wolbachia detection. Genomic DNA was isolated from indi-
vidual surface-sterilized planthoppers (19) by using CTAB (ce-
tyltrimethylammonium bromide) (31), Holmes Bonner (13),
rapid release preparation (40), STE (27), salt (23), and Chelex
(42) DNA extractions and a Puregene DNA extraction kit
(Gentra Systems, MN). The Wolbachia surface protein (wsp)
gene was amplified with either New England BioLabs Taq
(NEB, Beverly, MA) or Takara Taq (Takara Bio, Inc., Japan)
polymerase using primers 81F/691R (4, 17). Twenty microliters
of PCR product was run on a 1% agarose gel stained with
ethidium bromide and visualized under a UV transilluminator.
PCR products were TA cloned into pGEM-T Easy vectors and
sequenced. When a negative PCR result was encountered, the
integrity of the DNA was verified by amplification of the 12S
rRNA gene for insect mitochondria (27). PCRs were repeated
on those negative Wolbachia samples that had positive 12S
amplification, after diluting the template either 1/10 or 1/100 to
account for PCR inhibitors (45). Although spiking the Wolba-
chia-positive template with Perkinsiella host DNA did not ap-
pear to interfere with amplification, these inhibition experi-
ments were not quantitative, and small changes in
amplification efficiency may be critical when the template con-
centration is at the limit of amplification. Wolbachia was de-
tected in an additional 8 samples when the PCR product was
diluted. A Puregene DNA extraction kit (Gentra Systems,
MN) combined with amplification using Takara Taq polymer-
ase appeared to be the most successful method to amplify
these bacteria from planthoppers (see Table S1 in the supple-
mental material).
Wolbachia was detected in 45 of the 302 planthoppers as-
sayed. Wolbachia strains within this planthopper appear to
maintain infection densities that are below the threshold for
detection by direct hybridization techniques (7) (see Fig. S1 in
the supplemental material) and are at the limit of detection by
PCR, as faint bands were recorded in the majority of cases.
More-sensitive long PCR techniques (15) did not amplify
Wolbachia in planthoppers from the Woodford region, QLD,
Australia. This finding was similar to that of Sun et al. (37),
where nested PCR failed to increase the Wolbachia detection
level in flies.
The frequencies of infection of Wolbachia in planthoppers
varied between populations, from 4% to 100% (Fig. 1). In
concordance with the findings in this study, geographic vari-
ability in Wolbachia infection frequencies was also observed in
the planthopper Tagosodes orizicolus (37 to 100%) (12). The
variable infection frequencies observed in this study may be a
true reflection of the infection rate in the population, or alter-
natively, density levels between individuals may fluctuate be-
yond the sensitivity of PCR, accounting for this variation. The
latter scenario would mean that Wolbachia infections are more
prevalent in the insect population than previously thought.
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Given the low-titer infections observed in Perkinsiella plant-
hoppers, it seems unlikely that Wolbachia would be able to
induce reproductive phenotypes like cytoplasmic incompatibil-
ity (14, 25). Indeed, reciprocal crosses between Tully and
Woodford planthoppers were fertile (30). Our data, together
with recent studies indicating that low-density Wolbachia in-
fections exist in other host species (1, 2, 15), suggest that
Wolbachia utilizes mechanisms other than reproductive para-
sitism to maintain itself within these populations and that these
mechanisms may be at least as common and important to
Wolbachia as reproductive parasitism. There is emerging evi-
dence that Wolbachia can confer fecundity advantages under
certain situations (5, 8, 43). Moreover, recent studies have also
shown that Wolbachia may function to provide protection
against pathogens in insects (11, 16, 24, 39). Wolbachia’s ability
to improve host fitness suggests that in some instances its
biology may be more similar to that of a mutualistic secondary
symbiont than that of an exclusive reproductive parasite.
The diversity of strains infecting these Perkinsiella species is
much greater than the diversity observed for Wolbachia strains
infecting other planthopper species (12, 18, 25). Bayesian phy-
logenetic analysis of the wsp gene indicates there are multiple
groups of Wolbachia strains in Perkinsiella planthoppers (Fig.
2) (29, 32). Phylogenetic trees constructed from either the
whole wsp segment or the wsp segment with the highly variable
repeats (HVR) removed (3) group the taxa similarly (see Fig.
S2 in the supplemental material), and both divided the Wolba-
chia strains into four main clades. Three of these clades clus-
tered with diverse sequences from supergroup B, including
sequences from other Wolbachia strains within planthoppers.
The fourth group of sequences clustered with Wolbachia
strains from the cockroaches Supella longipalpa and Blattella
sp., tentatively classified as supergroup F (41). Recombination
analysis using RDP with default parameters (22) identified this
group of sequences as possible recombinants, but the parental,
minor, and major sequences could not be ascertained with
confidence. It seems likely that the cockroach F group is pa-
rental and the planthopper Wolbachia sequences are recombi-
nant, as the F group is supported by sequence data from four
independent loci (41). No other evidence for recombination
was observed in the B group sequences, precluding the possi-
bility that recombination was the cause of the high phyloge-
netic variation seen within these strains. PCRs were performed
on surface-sterilized planthoppers, the Wolbachia sequences
are each the consensus of five individual clones of a PCR
product, and all sequences are novel. Taken together, these
factors suggest that the strain variation seen in planthoppers is
authentic and not due to environmental or laboratory contam-
inants or sequencing errors.
Typically, only one strain of Wolbachia is present in each
species of delphacid planthopper (12, 18, 25). Here, we ob-
serve a variety of strains infecting different Perkinsiella popu-
lations. In the majority of cases, only a single strain was de-
tected in individual planthoppers, but on two occasions,
individuals from Fiji and Verdant Siding, QLD, Australia, each
possessed two strains of Wolbachia. Mapping Wolbachia strains
to their locations shows that there is no distinct relationship
between geographic region and strain type (Fig. 1).
Previous studies have also detected variable frequencies of
low-titer infections with diverse Wolbachia strains, for exam-
ple, in the fly Bactrocera dorsalis (37). Even in this system,
however, the phylogenetic diversity of Wolbachia strains was
not as dramatic as that found in Perkinsiella. If Wolbachia acts
as more of a mutualist toward its host, infection with diverse
strains may allow the host to respond to various environmental
conditions or pathogens. In light of recent discoveries of
Wolbachia-mediated pathogen interference (11, 16, 24, 39), it
would be particularly interesting to examine pathogen-Wolba-
chia interactions to see if there is an advantage to Wolbachia
infection. Additionally, as antipathogen protection can differ
between strains (28), it would be intriguing to compare an-
tipathogen effects in planthoppers infected with different
Wolbachia strains. Indeed, the interplay between pathogens
and Wolbachia could help to maintain strain diversity.
Other factors may contribute to the strain diversity and
prevalence of infection identified in Perkinsiella planthoppers.
Sintupachee et al. (33) suggested that Wolbachia may be trans-
mitted horizontally via plants. Increases in strain diversity may
be the result of Wolbachia adapting to the plant host in order
to survive. However, it seems unlikely that the many diverse
strains observed in our data could be due to repeated transient
infection of the gut by plant-acquired Wolbachia, given the
previous lack of evidence for Wolbachia transmission via feed-
ing. Alternatively, and possibly more likely, low-density Wolba-
FIG. 1. Map of Queensland, Australia, showing populations of P.
saccharicida and P. vitiensis assayed for Wolbachia infection. Colors
indicate Wolbachia strains based on the phylogenetic groupings from
the Bayesian trees shown in Fig. 2. Numbers indicate Wolbachia-
positive planthoppers/total number of insects screened at each site.
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chia infections may be the result of the interaction with other
microbial flora within the insect. Planthoppers are known to har-
bor Asaia species (38) and yeast-like symbionts (26, 36), and both
of these microorganisms have been identified in Perkinsiella
planthoppers (G. L. Hughes, unpublished data). Antagonism be-
tween symbionts has been demonstrated in ticks infected with
Rickettsia (6, 21), while yeasts have been shown to reduce symbi-
otic bacteria in ants and displace bacterial symbionts within
aphids (9, 20). The dynamic and low-titer Wolbachia infections
may be shaped in part by positive or negative interactions with
other members of the symbiont community.
This study shows a high diversity of Wolbachia strains occurring
at low density and variable infection frequencies within Perkin-
siella planthoppers. These results add to an emerging understand-
ing that Wolbachia may be more pervasive than currently ac-
cepted, due to cryptic infections that occur in few individuals
within a population and at low infection densities within these
hosts. If these cryptic Wolbachia infections are shown to be wide-
spread, then we may come to see reproductive parasitism as the
exception and not the general rule for Wolbachia.
Nucleotide sequence accession numbers. All Wolbachia wsp
gene sequences were submitted to GenBank under accession
numbers GU190767 to GU190788.
We thank Markus Riegler and Jason Rasgon for helpful comments
on the manuscript and all members of the O’Neill and McGraw lab-
FIG. 2. Bayesian phylogenetic tree of the wsp gene, constructed using MrBayes (32). Analysis was run in duplicate (4 chains each), with default
heating (0.2) for 1 million generations and with samples collected every 100 generations. Bayesian posterior probabilities were calculated by computing
a 50% majority rule consensus of the trees remaining from the duplicate runs after discarding the burn-in that represented 25% of trees. Wolbachia strain
names are used for reference taxa; where no strain name exists, the name of the host is used. Wolbachia supergroups (A to D, F, and G) are indicated
on the tree. Colors represent groupings based on phylogenetic analysis. The colored groups correspond to those shown in Fig. 1. Numbers below branches
are Bayesian clade confidence values. Planthoppers surveyed from Fiji and PNG were P. vitiensis (also a vector of FDV).
VOL. 77, 2011 WOLBACHIA INFECTION IN PERKINSIELLA PLANTHOPPERS 2167
 o
n
 N
ovem
ber 11, 2015 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
oratories for technical assistance. We thank BSES Limited staff who
collected planthopper samples.
This research was supported by an Australian Research Council
Linkage grant in association with BSES Limited.
REFERENCES
1. Arthofer, W., M. Riegler, D. V. Avtzis, and C. Stauffer. 2009. Evidence for
low-titre infections in insect symbiosis: Wolbachia in the bark beetle Pityo-
genes chalcographus (Coleoptera, Scolytinae). Environ. Microbiol. 11:1923–
1933.
2. Arthofer, W., et al. 2009. Hidden Wolbachia diversity in field populations of
the European cherry fruit fly, Rhagoletis cerasi (Diptera, Tephritidae). Mol.
Ecol. 18:3816–3830.
3. Baldo, L., N. Lo, and J. H. Werren. 2005. Mosaic nature of the Wolbachia
surface protein. J. Bacteriol. 187:5406–5418.
4. Braig, H. R., W. G. Zhou, S. L. Dobson, and S. L. O’Neill. 1998. Cloning and
characterization of a gene encoding the major surface protein of the bacte-
rial endosymbiont Wolbachia pipientis. J. Bacteriol. 180:2373–2378.
5. Brownlie, J. C., et al. 2009. Evidence for metabolic provisioning by a com-
mon invertebrate endosymbiont, Wolbachia pipientis, during periods of nu-
tritional stress. PLoS Pathog. 5:e1000368.
6. de la Fuente, J., E. F. Blouin, and K. M. Kocan. 2003. Infection exclusion of
the rickettsial pathogen Anaplasma marginale in the tick vector Dermacentor
variabilis. Clin. Diagn. Lab. Immunol. 10:182–184.
7. Dobson, S. L., et al. 1999. Wolbachia infections are distributed throughout
insect somatic and germ line tissues. Insect Biochem. Mol. Biol. 29:153–160.
8. Dobson, S. L., W. Rattanadechakul, and E. J. Marsland. 2004. Fitness
advantage and cytoplasmic incompatibility in Wolbachia single- and super-
infected Aedes albopictus. Heredity 93:135–142.
9. Fukatsu, T., and H. Ishikawa. 1996. Phylogenetic position of yeast-like
symbiont of Hamiltonaphis styraci (Homoptera, Aphididae) based on 18S
rDNA sequence. Insect Biochem. Mol. Biol. 26:383–388.
10. Reference deleted.
11. Hedges, L. M., J. C. Brownlie, S. L. O’Neill, and K. N. Johnson. 2008.
Wolbachia and virus protection in insects. Science 322:702.
12. Hernandez, M., T. Quesada, C. Munoz, and A. M. Espinoza. 2004. Genetic
diversity of Costa Rican populations of the rice planthopper Tagosodes
orizicolus (Homoptera: Delphacidae). Rev. Biol. Trop. 52:795–806.
13. Holmes, D. S., and J. Bonner. 1973. Preparation, molecular weight, base
composition, and secondary structure of giant nuclear ribonucleic acid. Bio-
chemistry 12:2330–2338.
14. Ikeda, T., H. Ishikawa, and T. Sasaki. 2003. Infection density of Wolbachia
and level of cytoplasmic incompatibility in the Mediterranean flour moth,
Ephestia kuehniella. J. Invertebr. Pathol. 84:1–5.
15. Jeyaprakash, A., and M. A. Hoy. 2000. Long PCR improves Wolbachia DNA
amplification: wsp sequences found in 76% of sixty-three arthropod species.
Insect Mol. Biol. 9:393–405.
16. Kambris, Z., P. E. Cook, H. K. Phuc, and S. P. Sinkins. 2009. Immune
activation by life-shortening Wolbachia and reduced filarial competence in
mosquitoes. Science 326:134–136.
17. Kikuchi, T., and T. Fukatsu. 2003. Diversity of Wolbachia endosymbionts in
heteropteran bugs. Appl. Environ. Microbiol. 69:6082–6090.
18. Kittayapong, P., W. Jamnongluk, A. Thipaksorn, J. R. Milne, and C. Sind-
husake. 2003. Wolbachia infection complexity among insects in the tropical
rice-field community. Mol. Ecol. 12:1049–1060.
19. Linville, J. G., and J. D. Wells. 2002. Surface sterilization of a maggot using
bleach does not interfere with mitochondrial DNA analysis of crop contents.
J. Forensic Sci. 47:1055–1059.
20. Little, A. E. F., and C. R. Currie. 2008. Black yeast symbionts compromise
the efficiency of antibiotic defenses in fungus-growing ants. Ecology 89:1216–
1222.
21. Macaluso, K. R., D. E. Sonenshine, S. M. Ceraul, and A. F. Azad. 2002.
Rickettsial infection in Dermacentor variabilis (Acari: Ixodidae) inhibits
transovarial transmission of a second rickettsia. J. Med. Entomol. 39:809–
813.
22. Martin, D., and E. Rybicki. 2000. RDP: detection of recombination amongst
aligned sequences. Bioinformatics 16:562–563.
23. Miller, S. A., D. D. Dykes, and H. F. Polesky. 1988. A simple salting out
procedure for extracting DNA from human nucleated cells. Nucleic Acids
Res. 16:1215.
24. Moreira, L. A., et al. 2009. A Wolbachia symbiont in Aedes aegypti limits
infection with dengue, Chikungunya, and Plasmodium. Cell 139:1268–1278.
25. Noda, H., Y. Koizumi, Q. Zhang, and K. Deng. 2001. Infection density of
Wolbachia and incompatibility level in two planthopper species, Laodelphax
striatellus and Sogatella furcifera. Insect Biochem. Mol. Biol. 31:727–737.
26. Noda, H., N. Nakashima, and M. Koizumi. 1995. Phylogenetic position of
yeast-like symbiotes of rice planthoppers based on partial 18S rDNA se-
quences. Insect Biochem. Mol. Biol. 25:639–646.
27. O’Neill, S. L., R. Giordano, A. M. Colbert, T. L. Karr, and H. M. Robertson.
1992. 16S rRNA phylogenetic analysis of the bacterial endosymbionts asso-
ciated with cytoplasmic incompatibility in insects. Proc. Natl. Acad. Sci.
U. S. A. 89:2699–2702.
28. Osborne, S. E., Y. S. Leong, S. L. O’Neill, and K. N. Johnson. 2009. Variation
in antiviral protection mediated by different Wolbachia strains in Drosophila
simulans. PLoS Pathog. 5:e1000656.
29. Posada, D. 2006. ModelTest Server: a web-based tool for the statistical
selection of models of nucleotide substitution online. Nucleic Acids Res.
34:W700–W703.
30. Ridley, A. W., et al. 2006. Is the distribution of Fiji leaf gall in Australian
sugarcane explained by variation in the vector Perkinsiella saccharicida?
Australas. Plant Pathol. 35:103–112.
31. Rogers, S. O., and A. J. Bendich. 1988. Extraction of DNA from plant tissues,
p. 1–10. In S. B. Gelvin and R. A. Schilperoort (ed.), Plant molecular biology
manual, vol. 6. Kluwer Academic Publishers, Boston, MA.
32. Ronquist, F., and J. P. Huelsenbeck. 2003. MrBayes 3: Bayesian phylogenetic
inference under mixed models. Bioinformatics 19:1572–1574.
33. Sintupachee, S., J. R. Milne, S. Poonchaisri, V. Baimai, and P. Kittayapong.
2006. Closely related Wolbachia strains within the pumpkin arthropod com-
munity and the potential for horizontal transmission via the plant. Microb.
Ecol. 51:294–301.
34. Reference deleted.
35. Stouthamer, R., J. A. J. Breeuwer, and G. D. D. Hurst. 1999. Wolbachia
pipientis: microbial manipulator of arthropod reproduction. Annu. Rev.
Microbiol. 53:71–102.
36. Suh, S. O., H. Noda, and M. Blackwell. 2001. Insect symbiosis: derivation of
yeast-like endosymbionts within an entomopathogenic filamentous lineage.
Mol. Biol. Evol. 18:995–1000.
37. Sun, X., L. Cui, and Z. Li. 2007. Diversity and phylogeny of Wolbachia
infecting Bactrocera dorsalis (Diptera: Tephritidae) populations from China.
Environ. Entomol. 36:1283–1289.
38. Tang, M., L. Lv, S. Jing, L. Zhu, and G. He. 2010. Bacterial symbionts in the
brown planthopper, Nilaparvata lugens (Homoptera: Delphacidae). Appl.
Environ. Microbiol. 76:1740–1745.
39. Teixeira, L., A. Ferreira, and M. Ashburner. 2008. The bacterial symbiont
Wolbachia induces resistance to RNA viral infections in Drosophila melano-
gaster. PLoS Biol. 6:e2.
40. Thomson, D., and R. Henry. 1995. Single-step protocol for preparation of
plant tissue for analysis by PCR. Biotechniques 19:394–400.
41. Vaishampayan, P. A., et al. 2007. Molecular evidence and phylogenetic
affiliations of Wolbachia in cockroaches. Mol. Phylogenet. Evol. 44:1346–
1351.
42. Walsh, P. S., D. A. Metzger, and R. Higuchi. 1991. Chelex 100 as a medium
for simple extraction of DNA for PCR-based typing from forensic material.
Biotechniques 10:506–513.
43. Weeks, A. R., M. Turelli, W. R. Harcombe, K. T. Reynolds, and A. A.
Hoffmann. 2007. From parasite to mutualist: rapid evolution of Wolbachia in
natural populations of Drosophila. PLoS Biol. 5:e114.
44. Werren, J. H., L. Baldo, and M. E. Clark. 2008. Wolbachia: master manip-
ulators of invertebrate biology. Nat. Rev. Microbiol. 6:741–751.
45. Werren, J. H., and D. M. Windsor. 2000. Wolbachia infection frequencies in
insects: evidence of a global equilibrium? Proc. Biol. Sci. 267:1277–1285.
2168 HUGHES ET AL. APPL. ENVIRON. MICROBIOL.
 o
n
 N
ovem
ber 11, 2015 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
